Environmental context. Low availability of calcium (Ca 2þ ) in soils is one of the major factors in Ca 2þ deficiency of plants and physiological plant disorders. A device based on functionalised silica was developed for in-situ measurement of the available Ca 2þ in soils. Application of the proposed device to measure available Ca 2þ may help to develop and improve agricultural practices.
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Abstract. Calcium is an ion of particular interest due to its importance in plant nutrition and soil structure. A novel device of diffusion gradients in thin-films (DGT) based on the benzo-crown ether-functionalised silica (BCES) as the binding agent and the polyethersulfone (PES) membrane as diffusive layer (BCES-DGT) was developed for in-situ sampling of available calcium (Ca 2þ ) in freshwater and soil samples. The performance characteristics of the BCES-DGT device were assessed. The BCES was prepared using the sol-gel process and characterised by Fourier transform infrared spectroscopy, scanning electron microscopy, thermal gravimetric analysis and N 2 adsorption-desorption. Results evinced that BCES was obtained successfully with a rough wrinkled surface and good specific surface area of 111.3 m 2 g
À1
. The diffusion coefficient of Ca 2þ ions in PES membrane was found to be 1.23 Â 10 À6 cm 2 s À1 at 25 8C and was independent of pH in the range of 3-10 and ionic strength (as pNaCl) from 1 to 3. The high binding capacity of BCES binding gel for Ca 2þ ions was determined to be 9822.4 AE 452.9 mg Ca 2þ /disk and was conducive to the deployment of long-term or high concentration. The BCES-DGT device can accurately measure the concentrations of Ca 2þ over wide ranges of ionic strengths (1-3 as pNaCl) and pH (5-10). There was no significant interference on the uptake of Ca 2þ by the BCES-DGT device at the tolerance limits up to 500 for Mg
Introduction
The calcium ion Ca 2þ is a macronutrient essential to ecosystem structure and function that undergoes intense recycling between plants and soils in terrestrial ecosystems (White and Broadley 2003; Hepler and Wayne1985) . Many physiological plant disorders have been correlated with Ca 2þ deficiency (Maynard 1979) . The transport processes and bioavailability of Ca 2þ relies intensely on its available species (Dauer and Perakis 2013; He et al. 2015) . Soil containing low available Ca 2þ is one of major factors resulting in Ca deficiency of plants (Behling et al. 1989 ). An adequate understanding of available Ca 2þ levels in soil solutions may be beneficial to the development and improvement of agricultural practices.
Methods such as ion selective electrode (ISE) and sequential extraction have been used for speciation measurements of Ca 2þ . ISE can determine the concentration of available Ca 2þ (Ross 1967) . Many previous papers have indicated that the sequential extraction method can differentiate the multiple chemical forms of Ca and can help elucidate the bioavailability of its chemical forms (Tessier et al. 1979; Quevauviller et al. 1993) . Unfortunately, the above ex-situ methods for measuring Ca 2þ species are studied extensively, while the existing methods for the assessment of available Ca in soil do not fully characterise in-situ soil Ca species. There is a clear need for convenient and effective integrated speciation measurement methods that allow direct in-situ, longterm monitoring of the fate and concentrations of available Ca 2þ in the environment. A diffusion gradients in thin-films (DGT) technique has been proposed by Davison and Zhang (Davison and Zhang 1994; Turner et al. 2014) as an in-situ, simple and long-term sampling tool for the assessment of labile metals speciation. The DGT technique is based on the selective diffusion across a diffusion layer (such as polyacrylamide hydrogel (Davison and Zhang 1994) , cellulose acetate dialysis membrane (Li et al. 2003) , cellulose membrane (de Oliveira et al. 2012) , chromatography paper (Larner and Seen 2005) , agarose gel (Dong et al. 2014) , nylon membrane ) and polyethersulfone (PES) membrane (Fan et al. 2016) ) and dissociation of metal species in a binding layer comprising binding agents (such as Saccharomyces cerevisiae (Pescim et al. 2012) , amberlite IRP-69 ion-exchange resin , amorphous zirconium oxide (Ding et al. 2010) , titanium dioxide (Bennett et al. 2010) , copper ferrocyanide (Li et al. 2009 ), precipitated ferrihydrite (Luo et al. 2010 ), XAD18 resin (Chen et al. 2013 ) and molecularly imprinted polymer (Dong et al. 2014) ). Dahlqvist et al. (2002) were the first to use the DGT technique, with a Bio-Rad ChelexÒ100 resin as the binding agent, for Ca 2þ and Mg 2þ measurements in freshwater. However, the limited applications of this DGT device may be related to its poor selectivity and relatively rapid saturation of ChelexÒ100 resin by matrix ions (Garmo et al. 2003) .
Crown ethers are a class of compound that can form very stable molecular ensembles or complexes with alkaline and alkaline earth metals (Pedersen 1967; Stover 1984; Høiland et al. 1979) . The previous literature has reported that benzo-18-crown-6 ether has been successfully used for the selective separation of Ca 2þ relative to other alkali metal cations (Capel-Cuevas et al. 2009; Okumura et al. 2015; Nemoto et al. 2013) . The PES membrane is an excellent performance material for membrane separation due to its superior mechanical and chemical properties (Liu et al. 2011) . Some reports have indicated that there is no significant interaction between PES and Ca 2þ (Rambabu and Velu 2015; Ghosh et al. 2002; OwusuNkwantabisah et al. 2016) .
In this current study, benzo-18-crown-6 ether-functionalised silica (BCES) was employed as a DGT binding agent and combined with a PES membrane as an inert DGT diffusion layer to form a new DGT device (PES/BCES-DGT) for the selective in-situ sampling of available Ca 2þ species in natural water samples. The accuracy and performance of the proposed approach for the measurement of Ca 2þ was evaluated. The applicability of the developed DGT devices to the determination of Ca 2þ concentrations in natural water and soil samples was also tested by comparison with results obtained by the established method of ISE. Preparation and characterisation of BCES The BCES was obtained by co-condensing the oligomers of 4 0 -acetylbenzo-18-crown-6-ether, 3-(aminopropyl)trimethoxysilane and tetraethyl orthosilicate via sol-gel processing as a typical procedure described previously . 1 g of 4 0 -acetylbenzo-18-crown-6-ether was dissolved in 10 mL of methanol, after which the equimolar 3-(aminopropyl)trimethoxysilane and 1 mL of 6 mol L À1 HCl solution were added into methanol solution. The complex of 3-(aminopropyl)trimethoxysilane and 4 0 -acetylbenzo-18-crown-6-ether was formed under agitation via Schiff base reaction. The homogeneous mixture of tetraethyl orthosilicate (20 mL), H 2 O (10 mL) and 6 mol L À1 HCl solution (5 mL) were obtained at room temperature and stirred for 30 min for the subsequent synthesis. The complex of the Schiff base was mixed into the prehydrolysed tetraethyl orthosilicate sol solution and stirred for 60 min. Ammonia was added to complete the gelation for 48 h. The target product was filtrated, washed with methanol for the removal of the remaining 3-(aminopropyl)trimethoxysilane and 4 0 -acetylbenzo-18-crown-6-ether and then washed again with deionised water to neutralise the pH. It was then dried in a vacuum oven at 70 8C overnight. The target product was characterised by Fourier transform infrared spectroscopy (Nicolet 6700, Thermo Scientific, USA), scanning electron microscopy (SEM) in a Hitachi model SU 8000 with 20 kV and thermal gravimetric analysis with a HCT-2 thermogravimetric instrument (Beijing Scientific Instrument Factory, China) under nitrogen flow with the temperature range from 30 to 1200 8C, a heating speed of 10 8C min À1 and a sample loading of 10.0 mg. N 2 adsorption-desorption (ASAP 2020, Micromeritics, USA) was measured at À196 8C and the surface area was obtained using the Brunauer-Emmett-Teller method.
Experimental

Chemicals and solutions
Preparation and Ca 21 uptake of gel discs based on BCES
A quantity of 2 g of BCES was added into 20 mL of a gel solution containing of 15 % acrylamide, 0.3 % N,N 0 -methylene bisacrylamide, 210 mL of 10 % ammonium persulfate solution and 75 mL of N,N,N 0 ,N 0 -tetramethylethylenediamine (Zhang and Davison 1995) . The gels were hydrated and cut into discs with 20 mm diameter and 10 mm thickness. All the binding gel discs were stored in a 10 mmol L À1 NaCl solution at 4 8C before assembly. Gel discs were added into 10.0 mL of solutions containing different concentrations of Ca 2þ ions (100-500 mg L À1 ), at pH 7.0 AE 0.2 at 20 8C, in triplicate. After 24 h, the equilibrium concentrations of Ca 2þ ions in the feed solutions were determined and the amount of Ca 2þ ions accumulated was obtained from losses in the Ca 2þ concentration. Ca 2þ ions were determined using flame atomic absorption spectrometry (FAAS; AA-6300c, Shimadzu Corporation, Japan) with a Ca hollow cathode lamp and air-acetylene flame to analyse the concentrations of Ca 2þ in aqueous solutions after appropriate dilutions and acidification to pH,2 adjusted with HNO 3 . The solution blanks were below the instrument detection limits of 5 mg L À1 for Ca 2þ .
Elution of Ca 21 from binding gel discs
The digestion of the binding gel discs was achieved by microwave digestion instrument (Milstone Ethos, Italy) using an acid mixture of 4 mL HNO 3 , 2 mL HF and 2 mL H 2 O 2 , for 60 min at 180 8C, as described by Sandroni et al. (2003) . The Teflon vessels were cleaned with 5 mL of a 6 mol L À1 HNO 3 solution for 30 min at 150 8C before use. A recovery of 98.5 AE 1.2 % for Ca 2þ from the loaded binding gel discs was obtained.
Measurement of diffusion coefficient
The diffusive coefficient (D) of Ca 2þ ions through the PES membrane was measured using the diffusion cell method as previously described by Zhang and Davison (1995 
where M (mg) is the diffusive mass of Ca
) is the concentration of Ca 2þ ions in the source solution, A (cm 2 ) is exposure area, t(s) is diffusive time and Dg (mm) is the membrane thickness. The D value was corrected for 25 8C according to the Stokes-Einstein equation (Dorsey 1940) :
where D 1 and D 2 are diffusion coefficients at absolute temperatures T 1 and T 2 , respectively, and Z 1 and Z 2 are viscosities of solution at T 1 and T 2 , respectively. The effects of various pH (3-9) and ionic strengths (0.001-0.1 mol L
À1
) on the D values were also investigated.
DGT assembly
The binding gel disk was placed on the cylindrical Teflon piston (20 mm diameter) with the BCES-deposited side facing upward for the accumulation of diffused Ca 2þ through the diffusion layer. After this, the PES membrane and the cellulose acetate membrane were added successively onto the binding gel disk. Finally, the Teflon sleeve was pressed tightly onto the piston, ensuring a good seal.
Performance of BCES-DGT device
Fifteen BCES-DGT devices were placed into 30 L of a 0.01 mol L À1 NaCl solution containing 10 mg L À1 Ca 2þ ions for 120 h at pH 8. Three BCES-DGT devices were removed at a 24 h-interval. The experimental values of Ca 2þ accumulated by BCES-DGT devices at various deployment times were compared with the theoretical values of Ca 2þ uptake onto the BCES-DGT devices using the DGT equation:
where W (mg) is the amount of Ca 2þ ions accumulated, C b (mg L À1 ) is the concentration of Ca 2þ ions in the bulk solution,
) is exposure area, Dg (mm) is the membrane thickness and t is deployment time (s). A laboratory-based calibration of the BCES-DGT devices for Ca 2þ ions was conducted to measure the dependence of the Ca 2þ ions uptake on time throughout the linear kinetic uptake regime according to Eqn 3.
To investigate the effects of pH and ionic strength on the performance of BCES-DGT devices, 15 BCES-DGT devices were deployed in 30 L of 0.01 mol L À1 NaCl solutions with various pH in the range of 3-10 or in 30 L of 0.001 to 0.7 mol L À1 NaCl solutions at pH 8.
Study of interferences
The ability of the BCES-DGT device to selectively retain Ca 2þ in the presence of alkaline and other alkaline earth metals (such as lithium, sodium, potassium, magnesium and strontium), anions (such as phosphate, sulfate, chloride, nitrate and bicarbonate) and natural organic matter (such as fulvic acid (FA) and tannic acid) was assessed by adding them at the different concentrations into 30 L of a 10 mg L À1 Ca 2þ ions solution at pH 8 for a deployment time of 120 h. As above, three BCES-DGT devices were taken out every 24 h. ) were indicated in Table 1 . Conductivity, salinity, ORP and TDS were measured by a pen conductivity meter (ST10C-B), a pen salinity meter (ST20S), a pen ORP meter (ST10R) and a pen TDS meter (ST10T-B), respectively (Ohaus, Canada). DOC was measured using a total organic carbon analyser (Dohrmanne DC-190, GE, USA). COD was measured using the potassium dichromate method. 0 E) and meadow soil near Hun River (in western Shenyang)) were collected from a depth of 10-20 cm, sieved through a 2 mm mesh sieve, air-dried and stored at room temperature. Soil properties, including pH, texture and cation exchange capacity (CEC), were tested using official analytical methods (Table 2 ) (Soil Science Italian Society 2000). The DGT devices were deployed for 24 h, in triplicate, in each soil sample (2.0 kg), which were rewetted by adding deionised water up to 90 % of the water holding capacity in knotted plastic bags as described previously (Cornu et al. 2007; Cattani et al. 2006 ).
Application to real samples
Field trial
To compare measurements using BCES-DGT devices, 19 BCES-DGT devices were placed in a nearby irrigation canal that comes from the Hun River located in Shenyang, China, for 72 h. An active sampling method was simultaneously performed for comparison. Water samples were collected at around 10:00 a.m. and 16:00 p.m. each day. In order to correct the D value, the water temperature was recorded at around 6:00 a.m., 10:00 a.m., 14:00 p.m., 18:00 p.m. and 22:00 p.m. each day. The detail values of water temperature were provided in Table S1 (Supplementary Material).
Results and discussion
Characterisation
The results confirmed the existence of benzo-crown ethers on silica gel. The SEM image of BCES (Fig. 1a, b) revealed the aggregated irregular particles and a wrinkled surface due to the immobilisation of benzo-crown ethers on the surface of silica gel, confirming the high specific surface area seen by N 2 adsorptiondesorption measurements (111.3 m 2 g À1 ) as shown in Fig. S1 (Supplementary Material). As seen in Fig. 1c , a large and broad band at 3200-3600 cm À1 was observed due to the O-H stretching vibrations. Two well-defined peaks at 2947 and 2816 cm À1 were assigned to the C-H asymmetric stretching and symmetric stretching of CH 2 groups. The absorption band at 1651 cm À1 was specific for C=O bonds from crown ether molecules. The peak at 1552 cm À1 for the C=C skeletal stretching vibration of the phenyl ring was observed (Sivanatham et al. 2012 ). The absorption band at 1477 cm À1 indicated a C-O stretching vibration (Kim et al. 1998) . The features at 1093, 964, 804 and 474 cm À1 were assigned to Si-O-Si stretching vibrations, Si-OH stretching vibrations, Si-O stretching vibrations and Si-O-Si bending vibrations, respectively Bari et al. 2009 ). The thermogravity-differential analysis curve for BCES was displayed in Fig. 1d . During the first stage of heating (25-150 8C), a 7 % weight loss was assigned to the removal of physically absorbed water. In the second stage of heating, a large weight loss of 10 % with an endothermic peak in the range of 150-750 8C was observed due to the ester bond decomposition and the degradation of the functional groups. Finally, a very low weight loss (,2 %) was obtained after 750 8C.
Capacity of BCES gel discs for Ca 21
A high capacity of the binding gel discs can ensure that they are not saturated with analytes during the deployment period. This is an important limiting factor for the measurement of analytes by DGT in the environment . Threshold levels of total Ca 2þ in freshwaters can range from 240 to 360 mg L À1 (Martemyanov and Mavrin 2012) . In order to assess the saturation adsorption capacity of BCES gel discs, the initial concentrations of free Ca 2þ in the feed solution were selected in the range of 100-500 mg L À1 (Fig. 2) , which includes the threshold levels of total Ca 2þ in freshwaters. The amount of Ca 2þ accumulated by BCES gel discs initially increased in the concentration range of 100 and 300 mg L
À1
, attaining constant value above 300 mg L À1 . The capacity of the BCES gel discs was determined to be 9822.4 AE 452.9 mg Ca 2þ per disc, which was equivalent to at least seven days of deployment in a 50 mg L
free Ca 2þ solution at 25 8C. Overall, the capacity of BCES gel discs was enough for the sampling of free Ca 2þ in water. ) (Harned and Parker 1955) , indicating that the D value of Ca 2þ ions was generally lower in PES membrane than in water due to the tortuous diffusion pathways of Ca 2þ ions through the PES membrane. This D value was not significantly different for all of the tested solutions with pH ranging from 3 to 10 and ionic strength ranging from 0.001 to 0.1 mol L À1 (as shown in Fig. 3 ).
Diffusion coefficient
Uptake kinetics of BCES-DGT devices for Ca 21
Uptake kinetic of the BCES-DGT device was assessed initially in 0.01 mol L À1 NaCl solutions with 10 mg L À1 Ca 2þ ions. The linear curve of the experimental amounts of Ca 2þ accumulated over the entire 120 h deployment indicates that the uptake process is linear, with R 2 values of 0.99 (Fig. 4) . There was a good agreement between the experimental amounts of Ca accumulated by the BCES-DGT device (solid lines in Fig. 4 ) and the predicted amounts of Ca 2þ by the DGT equation (dashed lines in Fig. 4) . The concentration of Ca 2þ obtained by 
Effects of pH and ionic strength
The influence of pH and ionic strength on the performance of BCES-DGT for Ca 2þ was demonstrated in Fig. 5 . For pH in the range of 5-10, the values of C DGT /C SOLN ranged from 0.984 AE 0.042 to 1.081 AE 0.46 within the acceptable limits (1.0 AE 0.1) (Fig. 5a ), indicating that there would be no interference from pH in the measurement of Ca 2þ in most of the natural waters, while a low value of C DGT /C SOLN (0.635 AE 0.045) was observed at pH 4 due to the protonation of the oxygen atoms of BCES (Fig. 5a) (Simionca et al. 2012) . The whole of protonated BCES was unsuitable for the complexation of Ca 2þ ion, resulting in a non-efficient accumulation ability of BCES for Ca 2þ (Simionca et al. 2012) . Similar behaviour for the binding of metal ions with other sorbents functionalised with crown ether was observed previously (Mori et al. 2003; Strzelbicki and Bartsch 1981; Kafashi et al. 2015; Zhao and Bartsch 1995) . The values of C DGT /C SOLN in the range from 1.008 AE 0.016 to 1.064 AE 0.029 were independent of ionic strength (NaCl) from 0.001 to 0.1 mol L À1 (Fig. 5b) , suggesting that the ionic strength had no notable influence on the performance of BCES-DGT for the sampling of Ca 2þ in freshwaters and soils.
Effect of foreign ions
It was important to assess if the uptake of Ca 2þ by the BCES-DGT was affected by competition of the alkali and alkaline earth metals cations (Mg . The uptake of BCES-DGT for Ca 2þ in presence of the possible interferences was satisfactory due to the high capacity of the donor sites of BCES to selectively complexate Ca 2þ ions. The obtained results showed that the proposed BCES-DGT was efficient for the selective uptake of Ca 2þ when applied to the natural waters and soils.
Effect of FA Aquatic FA is a heterogeneous mixture of components with relatively high oxygen content (such as carboxyl groups and phenolic groups) (Town et al. 2012) . Complexation of metal ions to aquatic FA plays a major role in the bioavailability of many metal ions in waters (Elkins and Nelson 2001; Bose and Reckhow 1997) . As seen in Fig. 6 , various concentrations of FA were added to solutions containing a constant concentration of Ca 2þ , and the uptake of Ca 2þ was determined. It may be noted that FA did not affect the uptake of Ca 2þ by BCES-DGT for the mass ratios of Ca 2þ /FA from 1:1 to 1:50, showing satisfactory ratios of C DGT /C SOLN from 1.012 AE 0.047 to 0.907 AE 0.061. There was a severe interference on Ca 2þ uptake by BCES-DGT after the mass ratio of Ca 2þ /FA 1:50, with low values of C DGT / C SOLN from 0.752 AE 0.045 to 0.237 AE 0.026 due to the tendency for binding between Ca 2þ and FA being dependent on the ratio of Ca 2þ /FA (Mathuthu and Ephraim 1993) .
Performance on water and soil samples Ca-ISE has been widely used for the measurement of available Ca 2þ in environmental samples (Lutwick et al. 1988; Iglesias et al. 2003) . The BCES-DGT device was also applied to the determination of available Ca 2þ in several water and soil samples. The concentration of available Ca 2þ in samples was also analysed by Ca-ISE (C ISE ). The ratios of C DGT /C ISE for available Ca 2þ in several water and soil samples are shown in Fig. 7 . The values of C DGT /C ISE revealed good agreement between the two methods and there was no significant difference between the concentrations of analytes when using a t-test with a 95 % confidence limit. The C DGT /C ISE values were slightly higher for the soil samples than for the river water samples due to the CISE values in soil samples being slightly underestimated. This phenomenon was stemmed from the high blank value of ISE for the relatively complex matrix of soil samples (Harris et al. 2013) . This meant that the BCES-DGT device was suitable for the accurate sampling of available Ca 2þ concentrations in water and soil samples.
Field application
The DGT technique can provide a time-weighted average concentration, whereas the grab samples only provide a 'snapshot' of the concentration during the deployment period. The reliability and suitability of the proposed method for in-situ sampling of Ca 2þ was checked by deploying a BCES-DGT device into the Hun River located in Shenyang, China, for 72 h. At the same time, grab samples were collected for comparison . The concentrations of Ca 2þ were determined by ISE. The lack of any marked fluctuations of Ca ), COD (68.4 AE 11.7 mg C L À1 ) and pH (7.5 AE 0.3) observed using the grab samples demonstrated that during DGT deployment concentrations of Ca 2þ were relatively stable. It should be mentioned that little biofouling of the PES membrane was observed during the deployment period due to low temperatures from 4 to 15 8C. The concentration of Ca 2þ monitored by the BCES-DGT device was 115.1 mg L À1 , whereas the average concentration of available Ca 2þ in the grab samples during the deployment time was 107.9 mg L À1 , reflecting that there was insignificant difference between the concentrations obtained by the two methods. The relative standard deviation (RSD %) of 4.7 % with BCES-DGT sampling was much lower than RSD % of grab samples (13.5 %), demonstrating that the sampling precision had been obviously improved by BCES-DGT. It was found that the in-situ river sampling of available Ca 2þ was performed successfully and with a high degree of accuracy and precision by the recommended BCES-DGT device. The concentration of Ca 2þ obtained by BCES-DGT was more representative of changes that occur over the sampling period.
Conclusions
From our findings, a novel DGT device based on BCES has been developed and evaluated for the in-situ measurement of Ca 2þ in freshwaters. BCES was prepared successfully with a rough wrinkled surface and high specific surface area (111.3 m 2 g À1 ). The diffusion coefficient of Ca 2þ through PES membrane using the diffusion cell method was 1.23 Â 10 À6 cm 2 s À1 at 25 8C and was independent of pH (3-10) and ionic strength (as NaCl) of 0.001-0.1 mol L À1 . The high binding capacity of BCES-DGT for Ca 2þ allows long-term field deployments with high concentration of Ca 2þ . The performances of BCES-DGT for the uptake of Ca 2þ were independent of the pH range of 5-10 and ionic strength (as NaCl) range from 0.001 to 0.1 mol L with good precision compared with the grab samples, indicating that BCES-DGT can be used for the in-situ measurement of available Ca 2þ concentration during the deployment time in natural water.
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